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A vertical resonant tunneling diode (RTD) based on the paramagnetic Zm-x-^MnyCd^Se system 
has been fabricated with a pillar diameter down to ^6 /im. The diode exhibits high quality resonant 
tunneling characteristics through the electron sub-band of the quantum well at a temperature of 
4.2 K, where a clear phonon replica was observable in addition to the primary peak. Both peaks 
show a giant Zeeman splitting in an applied magnetic field. Employing a self- consistent real-time 
Green's function method, the current- voltage characteristic was simulated, showing good agreement 
with the measured result. 



The II- VI paramagnetic semiconductor system has 
emerged as one of the most promising for spintronic de- 
vices due to the presence of the unique giant Zeeman 
splitting. [3, 0] For example, Slobodskyy and Maximov et 
al. have reported voltage-controlled spin selection in Zn- 
MnSe magnetic RTDs and micro-patterned RTDs.0, 0] 
In principle, the II- VI system should allow easy tunabil- 
ity via gating, once a solution for the dielectric leakage 
problem is found, as was done in non-magnetic III-V 
systems. [5j Up to now, ZnMnSe is the typical II-Mn-VI 
system of choice since ZnSe is lattice matched to GaAs 
substrate with only 0.27% in-plane mismatch. 0, 0] On 
the other hand, the partial substitution of Zn with Cd 
to form Zni-^Cd^Se alloys allows the band gap to be 
tuned, with an energy gap varying from 1.75 eV for CdSe 
to 2.71 eV for ZnSe.[2[ The Zni-^Cd^Se system is thus 
more versatile and potentially important for combining 
optical and electrical devices on the same chip. How- 
ever, this comes at the expense of a much larger lat- 
tice mismatch leading to a high density of defects. [6] 
The room temperature cubic lattice constants for ZnSe, 
GaAs and CdSe are 5.67, 5.65 and 6.05 A respectively. Q 
Therefore, it is challenging to integrate paramagnetic 
Zni-^-^Mn^Cd^Se into the device for spintronics appli- 
cation. 




FIG. 1: (Color online) Schematic layer structure of the reso- 
nant tunneling diode (gate not included) and scanning elec- 
tron microscopy image of device's top view. 



In this letter, we report the successful fabrication 
of a ~6 /im diameter sized magnetic RTD in the 
Zni-^-^Mn^Cd^Se system. Because of the small size 
we were able to avoid the problem of a lack of homo- 
geneity in the crystal often encountered in II- VI growth. 
Our RTD, fabricated at a randomly chosen local region, 
demonstrates excellent resonant tunneling characteris- 
tics: high peak-to- valley current ratio in the negative dif- 
ferential conductance (NDC), clear Zeeman splitting of 
the resonance peaks in the tunneling current in the pres- 
ence of a magnetic field, and a distinct phonon replica. 
We present a complete device allowing voltage-controlled 
spin selection with a self-aligned (but leaky) gate in place. 
We are able to successfully explain the NDC character- 
istics by employing a numerical simulation based on a 
self-consistent Green's function method. 

Our double barrier tunneling (DBT) crystal structure 
for the RTD device was grown by molecular beam epitaxy 
using a GaAs (100) substrate, as depicted in Figure [H 
The DBT consists of a 600 nm n+ ZnSe:Cl layer (CI dop- 
ing: 3xl0 18 cm -3 ) for the bottom electrical contact, a 3.0 
nm undoped ZnSe spacer, a 3.0 nm Zno.62Mno.osBeo.3Se 
barrier, a 6.0 nm Zno.83Mno.1Cdo.07Se quantum well, an- 
other 5.0 nm Zno.62Mno.08Beo.3Se barrier and 3.0 nm un- 
doped ZnSe spacer, and a 65 nm n + Zno.92Cdo.osSe:Cl 
(2.5 xlO 18 cm -3 ) cap layer for a top contact, which is 
designed to be thin, in anticipation of future devices 
with local magnetic fields close to the quantum well pro- 
duced by nanomagnets or small superconductors at the 
surface. [7j The DBT was patterned into a ~6 fim pillar 
by a complex, five e-beam lithography step process. It is 
surrounded with a self- aligned Ti/Au gate, deposited on 
a SiO x insulator as shown in the insert to Figure [TJ We 
note that the electrical contacts for the RTD are made 
ex-situ, which is difficult for II- VI systems. [8] The con- 
tacts were produced by first evaporating a 200 nm thick 
indium disk on top of the tunneling pillar, followed by 
annealing at a temperature of 200 °C for one minute. 
Although in-situ deposition of the top metallic contact is 
often preferable, 0,0] by precisely controlling the anneal- 
ing process, we are able to consistently diffuse indium 
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into the top Zni-^Cd^SeiCl layer over a contact area of 
several microns to achieve good tunneling characteristics. 
In addition, our device has a 2 fim wide ridge connecting 
the tunneling pillar to a large wire bonding pad. This ex- 
tra connecting ridge is necessary as a precursor to devices 
with local magnetic fields, where the magnetic structures 
must be placed on the pillar top surface. [7[ 

The transport characterization under magnet field was 
carried out by inserting the sample into an Oxford 4 He 
bath cryostat mounted with a 6 T superconducting mag- 
net. The magnetic field is applied parallel to the current 
flow through the RTD, and positive bias corresponds to 
the top, capping layer biased positively. All the data we 
present were measured without gating. At present, our 
gate dielectric SiO x (200 nm) is leaky, with only a low 
leakage window between —0.8 to 0.5 V, too small to affect 
the tunneling characteristics. 

The zero magnetic field current-voltage (I-V) and 
dl/dV-V characteristics taken at T=4.2 K are shown in 
Figure Efa). A comparison of the I-V curves measured 
before and after the precision annealing of the top in- 
dium contact indicates good contact formation and ex- 
cellent resonant tunneling behavior after annealing. Two 
distinct peaks, PI and P2, were observed in the I-V 
curve; PI and P2 have peak- to- valley ratio of 3:1 and 2:1, 
respectively. Both show distinct negative-differential- 
conductance, a key characteristic of resonant tunneling 
through a DBT structure. PI was located at around 
0.54 V and the separation between PI and P2 is about 
105 mV. We attribute PI to the tunneling through the 
second electron sub-band in the quantum well (see follow- 
ing analysis). The separation between PI and P2 enabled 
us to attribute P2 to the LO-phonon assisted in-barrier 
tunneling. [3] The sharpness of this replica further indi- 
cates the high quality of RTD. We ruled out tunneling 
through the bonding pad as the source of the resonance 
peaks. Firstly, the thin ridge turned out to be insulating 
because the etched side walls contain traps that prevent 
the doping charge in the top n + Zni-^Cd^Se^l layer (65 
nm thick) from conducting. Secondly, cutting off the 6 
/im pillar by cutting the ridge removed the two peaks PI 
and P2. 

In Figure E^b) we show the I-V characteristics under 
different magnetic fields. PI and P2 each split into two 
peaks due to the giant Zeeman splitting. This splitting 
is repeatable and reversible for both field directions. At 
the maximum field (~6 T) both have splitting magnitude 
~60 mV. This similar magnetic behavior further lends 
support to the identification of P2 as the LO-phonon 
replica of PI. 

A self-consistent real-time Green's function method 
was employed to simulate the primary peak (PI) res- 
onant tunneling behavior. [9] We use 22% valence band 
offset (VBO) of ZnBeSe over ZnMnSe[To[ to estimate the 
VBO of the barrier and well layers, which gives around 
670 meV conduction band potential in the well. The 
simulated I-V curve at 4.2 K using the nominal quantum 
well width of 6 nm indicates that the lowest two tunneling 



peaks should occur at lower bias voltages than PI (dotted 
curve in Figure [3(a)). Tunneling peak position is mainly 
affected by the Fermi level (carrier concentration) and 
the well width. Since the carrier concentration in highly 
doped ZnSe:Cl is temperature independent. [Ill] the differ- 
ence between simulation and experiment is likely caused 
by fluctuations in the width. Indeed, the resonant peak 
position was found to vary in different parts of the crys- 
tal. With the well width as the only adjustable param- 
eter, we fitted to a modified value of 5 nm. All other 
parameters such as electron effective mass m*, dielectric 
constant e and the energy gap E g were found experimen- 
tally or in the literature. [12| The simulated I-V charac- 
teristic based on the 5 nm well width has the second peak 
position in good agreement with the experimental loca- 
tion of PI (dashed curve in Figure [3(a)). Therefore we 
attribute PI to tunneling through second electron sub- 
band. Figure [3(a) insert shows the resultant simulated 
band structure, local state density and transmission at 
zero source-drain voltage. The reason tunneling through 
the first sub-band was not observed may be explained by 
the extremely low transmission on a high current back- 
ground. 

The magnetic field dependence of the Zeeman splitting 
in the conduction band in a II-Mn-VI semiconductor can 
be expressed as:[2|, [l3| AE = xN^as^BslgsjiB /ksiT + 
To)]; here, x is the Mn concentration; Nqcx = 0.26 eV is 
the sp-d exchange constant; g, s, \±b and ks are the 
g-factor, manganese spin, Bohr magneton, and Boltz- 
mann constant, respectively. B s represents the Brillouin 
function of spin s. The value of so — 1.16 (0.95) and 
T = 2.41 K (2.70 K) for Mn composition of y = 0.08 
(0.1) are achieved by interpolating values taken from 
the literature. [14| Assuming conduction band splitting 
is only significant in the barriers and well, a two-current 
model to simulate each spin channel independently is em- 
ployed while neglecting the spin-coupling and scattering 
disorder. [15| The simulated splitting of the tunneling cur- 
rent peak through the second electron level versus mag- 
netic field is plotted as solid line and is compared with 
the splitting of PI (circles) and P2 (squares) in Figure 
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FIG. 2: (a) I-V (solid curve) and dl/dV-V (dashed curve) 
curves with zero field at 4.2 K. Dotted curve is the I-V curve 
before top contact annealing, (b) Selected I-V curves with 
magnetic field from to 5.8 T at 4.2 K. 
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FIG. 3: (a) Comparison of I-V curves between experiment 
(solid curve) and simulation. Dotted curve is the simulated 
result of a 6 nm well, dashed curve is for a 5 nm well. Insert 
shows the conduction potential profile (solid curve), local den- 
sity in spray scale and transmission (dashed curve) at V. (b) 
Comparison of the field dependence of splitting magnitude of 
tunneling peaks between experiment (circles and squares) and 
simulation (solid curve) . The insert is the field dependence of 
Zeeman splitting energy of the conduction band in II-Mn-IV 
with Mn composition (y) equal to 0.08 and 0.1. 



02(b). The simulated result is in good agreement with 
experimental data. 

For a RTD with negligible series resistance, the energy 
difference E in the well can be related to the voltage 
difference AV by lever arm factor 5: AE = eAV/5. 6 
originates from the fact that only part of the applied 
voltage is dropped on the emitter. Our RTD has a thin- 
ner emitter barrier which further lowers the voltage drop 
compared to the symmetric case, resulting in larger split- 
ting. Comparing the ~20 meV Zeeman splitting of the 
electron level at 6 T field with the ~60 mV splitting ob- 
served in the resonant tunneling peaks, we find 5 = 3. 
Thus, we deduced a phonon energy of 35 meV from the 
PI and P2 separation of 105 meV, close to the known LO 
phonon energy of ~31 meV in ZnBeSe alloy. [16j 

In conclusion, we report the successful fabrication of 
micron sized magnetic RTD based on the paramagnetic 
ZnMnCdSe system with a self- aligned gate. Clear NDC, 
Zeeman splitting of resonant tunneling peaks, as well as 
a phonon replica were demonstrated. We demonstrate 
good control on ex-situ Ohmic indium contacts, which is 
usually difficult to achieve in II- VI system. Our results 
suggest that further work to tune the system electrically 
may be possible following improvements in gate perfor- 
mance. 
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